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(54) Torque sensing apparatus and method 

(57) The present invention is directed to a torque 
sensing apparatus (10)for sensing torque applied to an 
elongated shaft (12) having a longitudinal axis (14). An 
elongated magnetoelastic element (16) is connected 
about a portion of the shaft (12). The magnetoelastic 
element (16) provides a magnetic field in response to a 
torque (T) applied to the shaft (12). A magnetic member 
(28) is positioned adjacent the magnetoelastic element 
(16). An alternating power source (34) drives the mag- 



netic member (28) into magnetic saturation. The mag- 
netic member (28) has a saturation condition 
responsive to the magnetic field of the magnetoelastic 
element (16). A detector circuit (36) detects the satura- 
tion condition of the magnetic member. The detector cir- 
cuit (36) provides a signal indicative of the applied 
torque in response to the saturation condition of the 
magnetic member (28). 
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[0001] The present invention relates to a method and s 
apparatus for sensing torque, and more particu any to a 
Z! SenSing aPPara,US and me,hod fo ' ™* su ring" 
Tmir nSe,0aSa ^ ti0nC ° ndto 



Background of the im,-„ tiftJ , 

netoelastic nngs secured to a rotatable shaft. WheT 
torque ,s applied about a longitudinal axis of the shaft ,5 
the to^onal stress of the shaft is transferred to Sfe 
magne oelasho ring. The torsional stress changes toe 
cS f a C n Per T, abi,ity ° f th8 ma 9 ne, ^stio ring, typS 
r?lnH d ' reCt, '° n - The *" a,so Prides a cor- 

ZZfS fieW - ^ C ° nVenti0na ' » 

sens.ng devices use sensor coils or integrated circuft 
sensors to detect the magnetic field ormagnetic perme- 
ab^ty of the ring. The sensors typically defect iZgt 
-n impedance or a change in an induced voltage of sen- 
sor components according to the magnetic field pro - 25 
vide (by the nng. The amount of applied torque fe 
determ.ned.n response to such changes detected by 



BrlefDescriptlo n of the Drawing 

K., f ° reg0in9 and other features of «>e inven- 
tion will become more apparent to one skilled in the art 
upon consideration of the following description of the 
mvention and the accompanying drawings in which: 

Fig- 1 is a schematic representation of a toroue 
I Tve S n«o 9 n aPParatUS a ° Wdance wth *• P~« 
R0. 2 is a representation of a hysteresis curve 

Fig 3a is a representation of current versus time for 
an .nput current to the apparatus of Fig 1 
Fig. 3b is ; a representation of current versus time for 
an output current in response to a torque applied to 
the apparatus of Fig. 1; 

J an ° ther embodimenf °f a torque sensing 
apparatus ,n accordance with the present invention! 

mtfor 3 V ChematiC reDresenta «on of an embodi- 

with a steering system in accordance with the 
present invention. ,he 



PescrlBtlon of Prefer^ p^^^ 



Summary of the lQ wn»l,»r, 

[0003] The present invention is directed to a torque 
sensing apparatus for sensing torque applied to an 
elonga ted shaft having a longitudinal axis. Amagnetoe- 
testic e ement is connected to a portion of theS T* 
magnetoelastic element provides a magnetic field in 
response to torque applied to the shaft A magnetic 
member ,s posrtioned adjacent the magnetoelastfc ele- 
ment A source of alternating power repeatedly drives 
the magnetic member into magnetic saturation The 
magnetic member has a saturation condition raspcn- 
2 to 4 ! S , m . a9ne,ic field °f «» magnetoelastic ete- 
of toe t T drcUit del8Cts the satura «on conditio^ 
S a ? n ! bC member - The detector oircuit provides a 
signal indicative of the applied torque in response o toe 
saturation condition of the magnetic member. 

Sed J?TZ a ? 6Ct ° f ^ PreSent inventi °n 's 
directed to a method for determining torque applied to 

an elongated shaft. The method includes the 1! 

repeatedly driving a magnetic member into ma n etS 

saturation. A magnetoelastic element is attached to t 

shaft. The method further includes providing a magnetic 

field in response to torque applied to the shaft Z 

magneto ^member has a saturation condition respcJ 

aonlii ma9netiC fi6ld - A Si 9 nal indi oa«ve of toe 
apphed torque ,s provided in response to the saturation 
condition of the magnetic member 



» Ti tor ue L S n C ? mat,Ca,ly i,,ustrates a " «bodanant 
ot a torque sensing apparatus, indicated at 10 in 
accordance with the present invention. The torque 
sensmg apparatus 10 includes an elongated shaft ?J 
having a longitudinal axis 14. The shaft 12 has a fix2 
end and a free end (not shown), such that me IS 

i nT? n H C ? T , ° rSi0n in res P° nse «o an ap p a L tomue 
indicated at T. The shaft 12 is formed of a genera S 

pe^aoC^ 

[0007] An elongated magnetoelastic element 16 
<o wh.ch may be a cylindrical tubular sleeve, iJSSald 

menneST "** ^ 12 ' The -gnetoelas 
to thl IntT y b l press - fit - weld ad. or otherwise secured 
to the outer surface of the shaft 12, such that there is no 

« netoeSr !" 16 and ,he sha « 12 - ™e mag- 

sSf fh r» nt 16 is Coaxial a "« circum- 
vent 16 hast f *■ 
element 16 has frustoconical end portions 18 and 2n 

which are chamfered at an angle o 'about 42<M 8 " from 
so TO? oT T* 8 PerP6ndicU,ar to tne shaft a X t 8 14 fr ° m 
EJ ?r maanetoe| astic element 16 is formed of a 
magnetic amsotropic material, such as, for exaTle a 
maragrng stee, material. The magnetoetofoTtem^ 

m!„n 0 ? , . ,0 the toraue T is transferred to the 
magnetoelastic element 16. The magnetoelastic et 
ment 16 provides an axial magnetic field in response to 
the apphed torque T essentially proportion^ to a 
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change in its magnetic permeability. The torque-respon- 
sive field has flux lines (not shown) extending between 
the end portions 18 and 20 of the magnetoelastic ele- 
ment 16. 

[0009] A first magnetic assembly, indicated at 22, is s 
positioned adjacent the magnetoelastic element 16. 
The magnetic assembly 22 has an input 24 and an out- 
put 26. The axial magnetic field of the magnetoelastic 
element 16 acts upon the magnetic assembly 22 
according to the applied torque T. The magnetic assem- 10 
bly 22 senses and is responsive to the magnetic field of 
the magnetoelastic element 16. 

f0at0]-*^-sr^wnHn^igH^ . 

preferably is formed of a magnetic member, illustrated 
as an elongated core 28 of a magnetic material. The is 
core 28, for example, may be formed of a paramagnetic 
material, a ferromagnetic material, a ferrimagnetic 
material, a superparamagnetic material or any material 
having a suitable magnetic behavior. Preferably, the 
core is formed of a cast amorphous wire of ferromag- 20 
netic material. The length of the core 28 corresponds to 
the length of the magnetoelastic element 16, with the 
core 28 being positioned coextensive thereto. The core 
28 has a longitudinal axis 30 parallel to the shaft axis 
14. The core axis 30 is spaced a predetermined dis- 25 
tance from the outer surface of the magnetoelastic ele- 
ment 16. Preferably, the distance between the 
magnetoelastic element 16 and the core axis 30 ranges 
from about 1.0 mm to about 1.75 mm. The magnetic 
assembly 22, and more specifically the core 28, has a 30 
saturation condition which changes in response to the 
applied torque T. 

[0011] The magnetic assembly 22 also includes an 
elongated wire having a plurality of coil windings 32, 
suitably greater than about 200 circumferential wind- 35 
ings, wound around the core 28 as a plurality of overlap- 
ping layers. One end of the wire forms the input 24 of. 
the magnetic assembly 22 and the other end of the wire 
forms the output 26. The wire is formed of an electrically 
conducting material, suitably a copper wire. aq 
[0012] An alternating source of power, preferably a 
current source 34, provides current to the input 24 of the 
magnetic assembly 22. The current in the coil windings 
32 repeatedly drives the core 28 into positive and nega- 
tive magnetic saturation, namely into saturation hysteri- 45 
sis. A current source is preferred as it facilitates 
controlling the saturation condition of the core 28. 
[0013] A representation of a saturation hysteresis loop 
for the magnetic core 28 is shown in Fig. 2. The width of 
the hysteresis loop depends on how easily the core 28 so 
is magnetized. For example, easily magnetized materi- 
als have a thin hysteresis loop, while the hysteresis loop 
of a hard magnetic material encloses a greater area 
and, thus, has a greater width. The magnetic flux den- 
sity (B) is shown as a function of the magnetic field (H). 55 
The phenomenon of hysteresis causes B to lag behind 
H, so that the magnetization curve for increasing and 
decreasing magnetic fields is not the same. At positive 



saturation in zone I, B essentially does not change in 
response to an increase in H. Similarly, B essentially 
does not change in response to a decrease in H at neg- 
ative saturation in zone III. 

[0014] At saturation, essentially all the atomic dipoles 
of the core 28 align with the magnetic field being 
applied, such that the core 28 is thus magnetized to a 
maximum extent. In addition, the magnetic permeability 
of the material approaches zero at saturation. Advanta- 
geously, driving the core 28 to saturation essentially 
eliminates the external effects, such as temperature and 
stresses, which otherwise affect the permeability of the 

-core-28? : 

[001 5] Referring to Figs. 1 and 3A, the alternating cur- 
rent source 34 preferably provides a saw-tooth wave of 
alternating current to the input 24. The current source 
34 supplies current at a predetermined frequency. The 
frequency should be substantially faster than the rate at 
which torque will be applied, suitably about 20 kHz. 
When no torque is applied to the shaft 12, current at the 
output 26 of the magnetic assembly is essentially equal 
to current at the input at 24. The saturation characteris- 
tics of the core 28 are known. Accordingly, the ampli- 
tude of the current source 34 is controlled to saturate 
the core 28 at about its maximum and minimum cur- 
rents, indicated at l SAT and at -1^. Specifically, the 
maximum current l^j saturates the core 28 at a time 
indicated at t SAT . 

[0016] It will be understood by those skilled in the art 
that other types of alternating currents may also be 
used, such as, for example, a sign wave, a square wave 
or any other alternating current It further will be under- 
stood that other types of power sources, such as an 
external magnetic field or a voltage source, may be 
used to drive the core 28 into magnetic saturation. 
[0017] When the torque T is applied, the magnetoe- 
lastic element 16 provides a magnetic field that acts 
upon the magnetic assembly 22 and, more particularly, 
upon its associated core 28. The magnetic field due to 
the applied torque T, plus the current through the coil 
windings 32, causes the core 28 to saturate more 
quickly than when only the current is applied. Referring 
to Fig. 3B, the application of the torque T in a clockwise 
direction, for example, results in a current spike in the 
output current. This causes the core 28 to saturate at a 
time indicated at t SAT . This corresponds to positive satu- 
ration, such as in zone I of Fig. 2. The time difference 
between reaching saturation when no torque is applied 
and when torque is applied is indicated at At SAT . The 
At SAT value is functionally related to the amount of 
torque applied. Similarly, torque applied in the opposite 
direction, or counterclockwise, results in a negative cur- 
rent spike (not shown) at the output 26 of the magnetic 
assembly 22 as the input current approaches l SAT . The 
counterclockwise torque thus facilitates reaching nega- 
tive saturation more quickiy, such as shown in Zone III of 
Fig. 2. 

[0018] A torque determining circuit 36 is coupled to 



3 



the output 26 of the magnetic assembly 22 for detectino 
he saturation condition of the magnetic assembfv 2? in 

36 detects the output current of the coil windinos 32 
The torque determining circuit 36 a.so is coupS to the 
current source 34. Accordingly, the circuttS sens s he 

.tT' ded t0 9,6 input 24 of the 

assembly 22. It also may provide feedback to control the 

blv 22 wl T 3t ^ lnPUt 24 ° f *• ma 9" a «<= asslm- 
aLmbt 22 todT * *" *** 26 ° f the 

-^^r^e c :^ n the — 

ronioi tk ' 
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maToe JUlTT" Characteris «« °- the ^corels 
stoed t f h J t m,ned J empirica "y thro "9h testing and 

m.ned ^response to how much Le qlSy cor e 

If! 3B Thof ' S apP!i6d This is indfc ated at At SAT 
IS i * f ° rqUe detem «ng circuit 36 provides J 
signal .nd.cabve of the applied torque T in resZse to 

assembly 28. The torque signal is supplied to a control- 

™ 3 "« t * s «= """ems 106 and 
in R to 1 T he first ma 9netoefastic element 

cumferential direction indicated at 1 19 HHU5,,ie cir 

S f y 30 ,nSU ' ating SpaCer mate ™< 1 14 
ated ihlT h a9netiC aSS6mb,y 116 and is associ- 
^m ^TT" 9 ma 9 netoe ' a ^c element 106 
Ttc ?! «?"T, aSSemb,y 1 16 i,,ustra ted in Fig. 

Sirs ? r coexten Je *«2ss 

element 106. An elongated electrically conduct.™ wlr« 



around each respective core 132 anc hi as a nSS 
of overlapping layers of the wire. As shown J Ffe 4 "S 

connected ,n series. The input of the coil winZs T 3 6 
for t ms an "W 140 of the magnetic assemZ 18 2 

« ings m'toT 98 138and «^outputof«hecoi Zd 
-ngs 138 forms an output 142 of the magnetic assembly 

[0023] Each magnetic assembly 116 anri no • 

*> sAUy aboil 20 kHz ™ , ^?* ,mMa *»Wnc*. 
The ctLT I f amplitude. 

also nJKSRi^J*""^ circuif 15 ° 
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configured to perform the desired detection and signal 
processing functions. 

[0025] The elements within the torque determining 
block 150 diagrammatically illustrate an overview of the 
function performed by the torque determining circuit 
150. The signals input to the torque determining circuit 
150 are appropriately digitized by one or more analog- 
to-digital (A/D) converters 152. The A/D converters 152 
may be positioned external to the circuit 150, instead of 
within the circuit 150 as shown. The signals also should 
be filtered, suitably by appropriate digital or analog fil- 
ters (not shown), to remove frequency components not 

desirable mdeterir^^ — - 

[0026] The digitized signal at the output 126 of the 
magnetic assembly 1 16 is compared with the input cur- 
rent l A from the current source 144 in a comparison 
function 154. The signal from the comparison function 
154 is provided to a saturation determining function 156 
for channel A. The saturation determining function 156 
determines a change in saturation condition of the mag- 
netic assembly 1 16 in response to the applied torque T. 
The change in saturation conditions of the cores 120 
and 122 results in a corresponding change in the 
detected output current, such as a current spike at sat- 
uration, in response to the magnetic field provided by 
the magnetoelastic element 106. The saturation deter- 
mining function 156 for channel A determines the time 
difference between when the cores 120 and 122 of the 
magnetic assembly 116 reach magnetic saturation in 
response to the applied torque T and when they reach 
saturation as no torque is applied. This corresponds to 
the At S AT shown and described with respect to Fig. 3b. 
If no torque is applied, the saturation determining func- 
tion 156 will indicate that there is no change in the satu- 
ration condition. 

[0027] Another comparison function 158 compares 
the digitized signal of the output 142 of the magnetic 
assembly 1 18 with the input current l B . The output of the 
comparison function 158 is provided to another satura- 
tion determining function 160 for channel B. The satura- 
tion determining function 160 determines a change in 
the saturation condition of the magnetic assembly 118. 
Specifically, the saturation determining function 160 
determines the time difference between when the cores 
132 and 134 reach magnetic saturation due to the mag- 
netic field provided by the magnetoelastic element 108 
in response to the applied torque T and when they 
reach saturation as no torque is applied. 
[0028] The outputs of the saturation determining func- 
tions 156 and 160 are provided to respective torque 
determining functions 162 and 164. A lookup table 166 
of the torque determining circuit 150 provides a meas- 
ure of torque for a plurality of saturation conditions. The 
corresponding measures of torque for the various satu- 
ration conditions may be determined by empirical test- 
ing and stored in the look-up table 166. 
[0029] The torque determining function 1 62 for chan- 
nel A determines a measure of the applied torque T in 



response to the change in the saturation condition of the 
magnetic assembly 116 according to the contents of the 
lookup table 166. Similarly, the torque determining func- 
tion 164 for channel B determines a measure of the 

5 applied torque T in response to the change in the satu- 
ration condition of the magnetic assembly 118. Because 
the magnetoelastic elements 106 and 108 are oppo- 
sitely polarized, the measures of torque from the asso- 
ciated magnetic assemblies 116 and 1 18 are essentially 

10 opposite or are differential signals. The differential 
torque signals are compared and averaged in functional 
block 1 68 to determine a measure of the applied torque 

_ _X..incJudingJtsjaoguJar_^ 

168 provides an output signal indicative of the magni- 

15 tude and direction of the applied torque T, indicated at 
functional block 170. The circuit 150 provides the torque 
signal to an input of an appropriate controller 1 72. 
[0030] Referring to Fig. 5, a preferred embodiment of 
a torque sensing apparatus, indicated at 200, is ilius- 

20 trated schematically in combination with a steering sys- 
tem of a vehicle. A hand steering wheel 210 is 
connected to an input shaft 212. A pinion gear 214 is 
connected to an output shaft 216. The input shaft 212 is 
operatively coupled to the output shaft 216 through a 

25 torsion bar 218. The torsion bar 218 corresponds to the 
shaft previously described with respect to Figs. 1 and 4. 
The torsion bar 218 twists in response to applied steer- 
ing torque, indicated at T, thereby permitting relative 
rotation between the input shaft 212 and the output 

30 shaft 216. The torsion bar 218 has a predetermined 
spring constant. The amount of relative rotation 
between the input shaft 212 and the output shaft 216, in 
response to the applied steering torque T, is functionally 
related to the spring constant of the torsion bar 218. The 

35 pinion gear 214 meshingly engages rack teeth disposed 
on a steering rack member 220. The steering rack 
member 220 is connected to steerable wheels 222 and 
224 of the vehicle in a known manner. Rotation of the 
hand steering wheel 210 causes steering movement of 

40 the wheels 222 and 224. 

[0031] The steering system also includes an electric 
motor 226 that circumscribes the steering rack member 
220. Preferably, the electric motor 226 is a variable 
reluctance motor, although other types of motors also 

45 may be used. The electric motor 226 is drivingly con- 
nected to the steering rack member 220, such as by a 
ball-nut drive assembly (not shown). An acceptable ball- 
nut drive assembly is shown and described in U.S. Pat- 
ent No. 4,415,054 to Drutchas. Other drive assemblies 

so also may be used. The electric motor 226 provides an 
auxiliary steering force under certain vehicle conditions. 
[0032] The electric motor 226 is connected to a motor 
control circuit 228 through a bank of power switches 
230. The switches 230 are pulse-width-modulated in a 

55 known manner by the controller 228. The pulse-width- 
modulation from the controller 228 provides current to 
the motor 226 according to the direction and amount of 
auxiliary steering force required. The controller 228 is 
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coupled to a torque determining circuit 232. The torque 
determining circuit 232 provides a torque signal to the 
controller 228 indicative of the magnitude and direction 
of the applied steering torque T. In addition, the motor 
controller 228 is coupled to a rotor position sensor 234 
hat senses the position of the rotor of the variable reluc- 
tance electric motor 226. The rotor position sensor 234 
provides a signal indicative of the rotor position The 
controller 228 also receives other inputs, indicated at 
236. The other inputs 236 may include, for example, 
vehicle speed, temperature of the electric motor 26 as 
well as soft start control circuitry. In response to the 
JQPy^which JB*$U*JmSLMafr the rotor posi- 
tion signal, and the other inputs, the coWolle7228 55T 
trols the electric motor 226 to assist in the rotation of the 
wheels 222 and 224. 

[0033] The torque detection circuit 200 is shown to be 
configured in a manner set forth above. A pair of alter- 
nating current sources 242 and 244 repeatedly drive a 
pair of magnetic assemblies 246 and 248 to and from 
positive and negative magnetic saturation, namely into 
saturatior 'hysteresis. A pair of magnetoelastic elements 
250 and 252 are secured along the torsion bar 218. As 
the torsion bar 218 twists in response to the applied 
torque T, the torsion is transferred essentially equally to 
each magnetoelastic element 250 and 252. The magne- 
toelastic elements 250 and 252 are polarized in oppo- 
site circumferential directions. Accordingly, upon 
applicator ,of the torque T, the magnetoelastfc -elements 
250 and 252 provide an axial magnetic field, with flux 
hnes baveling in essentially opposite directions. 
[0034] The magnetic assembles 246 and 248 are 
posrt.or.ed adjacent and coextensive to each respective 
magnetoelastic element 250 and 252. Each magnetic 
assembly 246 and 248 is formed of a pair of diametri- 

S, 2£° S l ma9netiC ^ members 254 - 256 and 
III' 2 !° and associa ted coil windings 262, 264 and 

f!!'^o' res [ 5ective| y- Tn e magnetic assemblies 246 
and 248 and more specifically the respective core 
members 254 256 and 258, 260, have predetermined 
saturation conditions. The saturation conditions of each 
respective magnetic assembly 252 and 254 change in 
response to the magnetic fields produced by magnetoe- 
lastic elements 246 and 248 as the torque T is applied 
The torque determining circuit 232 determines the mag- 
nitude and direction of the applied torque T in response 
to the changes in the saturation conditions of the maq- 
netic assemblies 246 and 248, such as described 
above. The torque determining circuit 232 provides the 
torque signal to the controller 228. The controller 228 
causes the electric motor 226 to aid in rotation of the 
wheels 222 and 224 in response to the steering torque 
T caused by rotation of the hand steering wheel 210 

Tnl^JT ** 3b0Ve descri P«°" of the invention, 
those skHled in the art will perceive improvements 
changes and modifications. Such improvements 
changes and modifications within the skill of the art are 
intended to be covered by the appended claims 
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[deletions)] 

SUMMARY OF THE INVENTION 

[0036] A torque sensor for sensing torque applied to 
an elongated shaft having a longitudinal axis, said 
torque sensor comprising: 

a first magnetoelastic element connected about a 
portion of said shaft, said first magnetoelastic ele- 
ment providing a magnetic field in response to 
torque applied to said shaft; 

—aiitsl.magnetic.assembly having an input andan 

output, said first magnetic assembly positioned 
adjacent said first magnetoelastic element; 
a current source providing current to said input of 
said first magnetic assembly, said first magnetic 
assembly having a first saturation condition in 
response to said current, said first magnetic assem- 
bly having a second saturation condition in 
response to both said applied torque and said cur- 
rent; and 

a detector circuit coupled to said output of said first 
magnetic assembly, said detector circuit providing a 
signal indicative of said applied torque in response 
to said second saturation condition of said first 
magnetic assembly. 

[0037] The sensor wherein said magnetic field of said 
30 magnetoelastic element acts upon said first magnetic 
assembly. 

[0038] The sensor wherein said first magnetic assem- 
b y senses said magnetic field of said magnetoelastic 
element. 

35 [0039] The sensor of claim 1 wherein said current 
source provides an alternating current having a prede- 
termined frequency to said input of said first magnetic 
assembly. a 

[0040] The sensor wherein said detector circuit com- 
40 pares current at said input of said magnetic assembly 
wrth current at said output of said magnetic assembly to 
determine a change between said first and second sat- 
uration conditions of said first magnetic assembly 
[0041] The sensor wherein said change between said 
is first and second saturation conditions is indicative of 
said applied torque. 

[0042] The system in combination with a steerino 
assist system, said combination comprising: 

a controller operatively connected to said detector 
for providing a control signal in response to said 
detector signal; and 

steering assist means for providing steering assist 
in response to said control signal. 



50 



55 



[0043] The system further comprising: 

a second magnetoelastic element attached about a 
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portion of said shaft adjacent said first magnetoe- 
lastic element, said second magnetoelastic ele- 
ment providing a magnetic field in response to said 
applied torque; 

a second magnetic assembly having an input and 5 
an output, said second magnetic assembly posi- 
tioned adjacent said second magnetoelastic ele- 
ment; 

a second current source providing current to said 
input of said second magnetic assembly, said sec- 10 
ond magnetic assembly having a third saturation 
condition in response to said current of said second 

current SO urce; -saitf "second" magnetic-assembly- 

having a fourth saturation condition in response to 
both said applied torque and said current of said 15 
second current source; and 
said detector circuit coupled to said output of said 
second magnetic assembly, said detector circuit 
providing a signal indicative of said applied torque 
in response to said second and fourth saturation 20 
conditions of said respective first and second mag- 
netic assemblies. 

[0044] The system wherein said detector circuit com- 
pares said saturation conditions of said first and second 25 
magnetic assemblies to provide a signal indicative of 
the magnitude and angular direction of said applied 
torque. 

[0045] The system wherein said first magnetoelastic 
element is magnetically polarized in a first circumferen- 30 
tial direction, and said second magnetoelastic element 
is magnetically polarized in a circumferential direction 
opposite said first circumferential direction. 
[0046] The system wherein said first magnetic assem- 
bly further comprises first and second magnetic mem- 35 
bers positioned adjacent and on substantially opposite 
sides of said first magnetoelastic element. 
[0047] The system wherein said first and second mag- 
netic members are electrically connected between said 
input and said output of said first magnetic assembly, 40 
each of said first and second magnetic members having 
a first saturation condition in response to said current 
and a second saturation condition in response to both 
said applied torque and said current, said detector cir- 
cuit providing a signal indicative of said applied torque 45 
in response to said second saturation condition of said 
first and second magnetic members. 
[0048] A torque sensing apparatus for sensing torque 
applied to an elongated shaft having a longitudinal axis, 
said apparatus comprising: 50 

a first magnetoelastic element connected to a por- 
tion of said shaft, said first magnetoelastic element 
providing a magnetic field in response to torque 
applied to said shaft; 55 
a first magnetic member positioned adjacent said 
first magnetoelastic element; 
an alternating power source repeatedly driving said 



first magnetic member into magnetic saturation, 
said first magnetic member having a first saturation 
condition responsive to said magnetic field of said 
first magnetoelastic element; and 
a detector circuit detecting said first saturation con- 
dition of said first magnetic member; said detector 
circuit providing a signal indicative of said applied 
torque in response to said first saturation condition 
of said first magnetic member. 

[0049] The apparatus wherein said first magnetic 
member comprises an elongated core of a ferromag- 
netic materiarpos^ 

first magnetoelastic element, said core having a satura- 
tion condition responsive to said magnetic field of said 
first magnetoelastic element. 

[0050] The apparatus further comprising an elongated 
wire having first and second ends and a plurality of 
windings being wound around said core intermediate 
said first and second ends of said wire, said power 
source providing an alternating current to said first end 
of said wire, thereby repeatedly driving said core into 
magnetic saturation, and 

said detector circuit coupled to said second end of 
said wire for determining said applied torque in 
response to said saturation condition of said core. 

[0051] The apparatus in combination with a steering 
assist system, said combination comprising: 

a controller operatively connected to said detector 
circuit for providing a control signal in response to 
said detector circuit signal; and 
steering assist means for providing steering assist 
in response to said control signal. 

[0052] The apparatus further comprising: 

a second magnetoelastic element attached to a 
portion of said shaft adjacent said first magnetoe- 
lastic element, said second magnetoelastic ele- 
ment providing a magnetic field in response to said 
applied torque; 

a second magnetic member positioned adjacent 
said second magnetoelastic element; 
said power source repeatedly driving said second 
magnetic member into magnetic saturation, said 
second magnetic member having a second satura- 
tion condition responsive to said magnetic field of 
said second magnetoelastic element; and 
said detector circuit providing a signal indicative of 
said applied torque in response to said first and 
second saturation conditions of said respective first 
and second magnetic members. 

[0053] The apparatus in combination with a steering 
assist system, said combination comprising: 
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a controller operatively connected to said detector 
circuit for providing a control signal in response to 
said detector circuit signal; and 
steering assist means for providing steering assist 
m response to said control signal. " 5 

E! 05 t J * 1° apparatus wherei n said first magnetic 
member further comprises first and second elongated 
cores of a ferromagnetic material positioned adjacent 
and along opposed sides of said first magnetoelastic io 
element, each of said cores having a saturation condi- 
tion responsive to said magnetic field of said first mag- 
-netoelastie-etement--" 



[0055] The apparatus wherein said detector circuit 
provides a signal indicative of said applied torque in is 
response to said saturation condition of said respective 
cores. 

[0056] A method for determining a measure of torque 
applied to an elongated shaft having a first magnetoe- 

L 3 rSL r 6 ?' attaChed t0 Said shaft " said meth °d <»m- *> 
prising the steps of: 

repeatedly driving a first magnetic member into a 
first magnetic saturation condition, said first mag- 
netic member positioned adjacent to said first mag- 25 
netoelastic element; 

providing a first magnetic field in response to torque 
applied to said shaft, said first magnetic member 
having a second saturation condition responsive to 
said first magnetic field; and 30 
providing a signal indicative of said applied torque 
in response to said second saturation condition of 
said first magnetic member. 

[0057] The method further comprising the step of 
determining a change between said first saturation con- 
dition and said second saturation condition of said first 
magnetic member. 

[0058] The method further comprising the steps of: 

repeatedly driving a second magnetic member into 
a third magnetic saturation condition, said second 
magnetic member positioned adjacent a second 
magnetoelastic element, said second magnetoe- 

lasbc element being attached to said shaft adjacent 45 4 

said first magnetoelastic element; 

providing a second magnetic field in response to 

said applied torque, said second magnetic member 

having a fourth saturation condition responsive to 

said magnetic field of said second magnetoelastic so 5 

element; and 

providing a signal indicative of said applied torque 
in response to said second and fourth saturation 
conditions of said respective first and second mag- 
netic members. y 

55 

[0059] The method further comprising the step of 
comparing said second and fourth saturation conditions 



35 



40 



of said respective first and second magnetic members. 
[0060] The method further comprising the step of pro- 
viding a signal indicative of a magnitude and angular 
direction of said applied torque in response to said com- 
paring step. 

Claims 

Having described the invention, the following is 
claimed: a 

1. A torque sensor for sensing torque applied to an 
torque sensor comprising: 

a first magnetoelastic element connected 
about a portion of said shaft, said first magne- 
toelastic element providing a magnetic field in 
response to torque applied to said shaft; 
a first magnetic assembly having an input and 
an output, said first magnetic assembly posi- 
tioned adjacent said first magnetoelastic ele- 
ment; 

a current source providing current to said input 
of said first magnetic assembly, said first mag- 
netic assembly having a first saturation condi- 
tion in response to said current, said first 
magnetic assembly having a second saturation 
condition in response to both said applied 
torque and said current; and 
a detector circuit coupled to said output of said 
first magnetic assembly, said detector circuit 
providing a signal indicative of said applied 
torque in response to said second saturation 
condition of said first magnetic assembly. 

The sensor of claim 1 wherein said magnetic field of 
said magnetoelastic element acts upon said first 
magnetic assembly. 

The sensor of claim 1 wherein said first magnetic 
assembly senses said magnetic field of said mag- 
netoelastic element. 9 

The sensor of claim 1 wherein said current source 
provides an alternating current having a predeter- 
mined frequency to said input of said first magnetic 
assembly. 

The sensor of claim 1 wherein said detector circuit 
compares current at said input of said magnetic 
assembly with current at said output of said mag- 
netic assembly to determine a change between 
said first and second saturation conditions of said 
first magnetic assembly. 

and/or wherein preferably said change 
between said first and second saturation condi- 
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tions is indicative of said applied torque, 

The system of any of the preceding claims in com- 
bination with a steering assist system, said combi- 
nation comprising: s 

a controller operatively connected to said 
detector for providing a control signal in 
response to said detector signal; and 
steering assist means for providing steering 10 
assist in response to said control signal, 
and/or further preferably comprising: 

a-second^agnetoeJasti&-etemen^ 

about a portion of said shaft adjacent said first 
magnetoelastic element, said second magne- 15 
toelastic element providing a magnetic field in 
response to said applied torque; 
a second magnetic assembly having an input 
and an output, said second magnetic assembly 
positioned adjacent said second magnetoelas- 20 
tic element; . 

a second current source providing current to 
said input of said second magnetic assembly, 
said second magnetic assembly having a third 
saturation condition in response to said current 25 
of said second current source, said second 
magnetic assembly having a fourth saturation 
condition in response to both said applied 
torque and said current of said second current 
source; and 30 
said detector circuit coupled to said output of 
said second magnetic assembly, said detector 
circuit providing a signal indicative of said 
applied torque in response to said second and 
fourth saturation conditions of said respective 35 
first and second magnetic assemblies, 
and/or wherein preferably said detector circuit 
compares said saturation conditions of said 
first and second magnetic assemblies to pro- 
vide a signal indicative of the magnitude and 40 
angular direction of said applied torque, 
and/or wherein preferably said first magnetoe- 
lastic element is magnetically polarized in a 
first circumferential direction, and said second 
magnetoelastic element is magnetically polar- 45 
ized in a circumferential direction opposite said 
first circumferential direction, 
and/or wherein preferably said first magnetic 
assembly further comprises first and second 
magnetic members positioned adjacent and on so 
substantially opposite sides of said first magne- 
toelastic element, 

and/or wherein preferably said first and second 
magnetic members are electrically connected 
between said input and said output of said first 55 
magnetic assembly, each of said first and sec- 
ond magnetic members having a first satura- 
tion condition in response to said current and a 



second saturation condition in response to both 
said applied torque and said current, said 
detector circuit providing a signal indicative of 
said applied torque in response to said second 
saturation condition of said first and second 
magnetic members. 

7. A torque sensing apparatus for sensing torque 
applied to an elongated shaft having a longitudinal 
axis, said apparatus comprising: 

a first magnetoelastic element connected to a 

portion-ef-said^aftr-sai^ 

element providing a magnetic field in response 
to torque applied to said shaft; 
a first magnetic member positioned adjacent 
said first magnetoelastic element; 
an alternating power source repeatedly driving 
said first magnetic member into magnetic satu- 
ration, said first magnetic member having a first 
saturation condition responsive to said mag- 
netic field of said first magnetoelastic element; 
and 

a detector circuit detecting said first saturation 
condition of said first magnetic member, said 
detector circuit providing a signal indicative of 
said applied torque in response to said first sat- 
uration condition of said first magnetic member. 

8. The apparatus of any of the preceding claims 
wherein said first magnetic member comprises an 
elongated core of a ferromagnetic material posi- 
tioned adjacent and coextensive said first magne- 
toelastic element, said core having a saturation 
condition responsive to said magnetic field of said 
first magnetoelastic element, 

and/or further preferably comprising an elon- 
gated wire having first and second ends and a 
plurality of windings being wound around said 
core intermediate said first and second ends of 
said wire, said power source providing an alter- 
nating current to said first end of said wire, 
thereby repeatedly driving said core into mag- 
netic saturation, and 

said detector circuit coupled to said second 
end of said wire for determining said applied 
torque in response to said saturation condition 
of said core, 

and/or further preferably combination with a 
steering assist system, said combination com- 
prising: 

a controller operatively connected to said 
detector circuit for providing a control signal in 
response to said detector circuit signal; and 
steering assist means for providing steering 
assist in response to said control signal, 
and/or further preferably comprising: 
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• a second magnetoelastic element attached to a 
portion of said shaft adjacent said first magne- 
toelastic element, said second magnetoelastic 
element providing a magnetic field in response 
to said applied torque; 

a second magnetic member positioned adja- 
cent said second magnetoelastic element; 
said power source repeatedly driving said sec- 
ond magnetic member into magnetic satura- 
tion, said second magnetic member having a 10 
second saturation condition responsive to said 
magnetic field of said second magnetoelastic 

-element;-and-^.. , 

said detector circuit providing a signal indica- 
tive of said applied torque in response to said 15 
first and second saturation conditions of said 
respective first and second magnetic mem- 
bers, 

and/or further preferably in combination with a 
steering assist system, said combination com- 20 
prising: 

a controller operatively connected to said 
detector circuit for providing a control signal in 
response to said detector circuit signal; and 
steering assist means for providing steering 25 
assist in response to said control signal, 
and/or wherein preferably said first magnetic 
member further comprises first and second 
elongated cores of a ferromagnetic material 
positioned adjacent and along opposed sides 30 
of said first magnetoelastic element, each of 
said cores having a saturation condition 
responsive to said magnetic field of said first 
magnetoelastic element, 

and/or wherein preferably said detector circuit 35 
provides a signal indicative of said applied 
torque in response to said saturation condition 
of said respective cores. 



9. A method for determining a measure of torque 
applied to an elongated shaft having a first magne- 
toelastic element attached to said shaft, said 
method comprising the steps of: 

repeatedly driving a first magnetic member into 
a first magnetic saturation condition, said first 
magnetic member positioned adjacent to said 
first magnetoelastic element- 
providing a first magnetic field in response to 
torque applied to said shaft, said first magnetic 
member having a second saturation condition 
responsive to said first magnetic field; and 
providing a signal indicative of said applied 
torque in response to said second saturation 
condition of said first magnetic member. 

10. The method of any of the preceding claims further 
comprising the step of determining a change 
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between said first saturation condition and said 
second saturation condition of said first magnetic 
member, 

and/or further preferably comprising the steps 
of: 

repeatedly driving a second magnetic member 
into a third magnetic saturation condition, said 
second magnetic member positioned adjacent 
a second magnetoelastic element, said second 
magnetoelastic element being attached to said 
shaft adjacent said first magnetoelastic ele- 
-~menty — ; 



providing a second magnetic field in response 
to said applied torque, said second magnetic 
member having a fourth saturation condition 
responsive to said magnetic field of said sec- 
ond magnetoelastic element; and 
providing a signal indicative of said applied 
torque in response to said second and fourth 
saturation conditions of said respective first 
and second magnetic members, 
and/or further preferably comprising the step of 
comparing said second and fourth saturation 
conditions of said respective first and second 
magnetic members, 

and/or further preferably comprising the step of 
providing a signal indicative of a magnitude 
and angular direction of said applied torque in 
response to said comparing step. 



10 



EP 1 046 893 A2 



10 



z: 



34 



CURRENT 
SOURCE 



CONTROLLER I 



38 



TORQUE 
DETERMINING 
CIRCUIT 



30— « n 



24 2 \ 



i Jtk 



22- 



32 



26 



^36 

Rg.1 



12 
18 

- .20- 



14 





11 



